In eukaryotes, heterochromatin regions are typically subjected to transcriptional silencing. DNA methylation has an important role in such silencing and has been studied extensively. However, little is known about how methylated heterochromatin regions are subjected to silencing. We conducted a genetic screen and identified an epcr (enhancer of polycomb-related) mutant that releases heterochromatin silencing in Arabidopsis thaliana. We demonstrated that EPCR1 functions redundantly with its paralog EPCR2 and interacts with PWWP domain-containing proteins (PWWPs), AT-rich interaction domain-containing proteins (ARIDs), and telomere repeat binding proteins (TRBs), thus forming multiple functionally redundant protein complexes named PEAT (PWWPsEPCRs-ARIDs-TRBs). The PEAT complexes mediate histone deacetylation and heterochromatin condensation and thereby facilitate heterochromatin silencing. In heterochromatin regions, the production of small interfering RNAs (siRNAs) and DNA methylation is repressed by the PEAT complexes. The study reveals how histone deacetylation, heterochromatin condensation, siRNA production, and DNA methylation interplay with each other and thereby maintain heterochromatin silencing.
Introduction
Heterochromatin is highly condensed and typically subjected to transcriptional silencing in eukaryotes (Kim & Zilberman, 2014; Martienssen & Moazed, 2015) . DNA methylation plays an important role in transcriptional silencing of heterochromatin (Law & Jacobsen, 2010; He et al, 2011; Matzke & Mosher, 2014) . In Arabidopsis, the mechanisms of DNA methylation are well known. The DNA methyltransferases MET1, CMT3, and CMT2 are responsible for maintenance of DNA methylation at CG, CHG, and CHH (H is A, T, and C) sites, respectively (Ronemus et al, 1996; Bartee et al, 2001; Lindroth et al, 2001; Stroud et al, 2013; Zemach et al, 2013) . The SNF2 type chromatin remodeling protein DDM1 facilitates maintenance of DNA methylation (Zemach et al, 2013) . Decondensation of heterochromatin and release of silencing were observed in the mutants defective in maintenance of DNA methylation (Soppe et al, 2002; Lindroth et al, 2004) , suggesting that maintenance of DNA methylation has a significant role in heterochromatin condensation and silencing.
DNA methylation is established by the de novo DNA methyltransferase DRM2 through RNA-directed DNA methylation (RdDM) pathway in Arabidopsis (Law & Jacobsen, 2010; Matzke & Mosher, 2014) . In the RdDM pathway, the DNA-dependent RNA polymerases IV and V (Pol IV and Pol V) are responsible for the production of small interfering RNAs (siRNAs) and long non-coding RNAs (lncRNAs), respectively (Haag & Pikaard, 2011) . Both Pol IV-dependent siRNAs and Pol V-dependent lncRNAs are required for RdDM. Pol IV-dependent siRNAs are not only produced from pericentromeric heterochromatin regions but also from transposable elements and DNA repeats that are dispersed throughout euchromatin regions (Zhang et al, 2007; Mosher et al, 2008) . Pol V-dependent lncRNAs are specifically enriched on edges of silenced transposable elements and are thought to determine boundaries of heterochromatin (Bohmdorfer et al, 2016) . The RdDM pathway mediates de novo DNA methylation at CHH sites and to a lesser extent at CG and CHG sites (Stroud et al, 2013) . In the RdDM pathway, Pol V but not Pol IV was reported to affect heterochromatin condensation . Two conserved MORC family proteins, MORC1 and MORC6, were demonstrated to be required for heterochromatin condensation and silencing (Moissiard et al, 2012) . We previously demonstrated that the Su(var)3-9 homologs SUVH2 and SUVH9, which are RdDM components, interact with MORC1 and MORC6 and thereby link the RdDM pathway and heterochromatin condensation (Liu et al, 2016) . However, it is thought that the RdDM pathway is unlikely to be involved in heterochromatin condensation at the whole-genome level.
In addition to DNA methylation, the repressive histone marks H3K9me2 and H3K27me1 are enriched in heterochromatin regions (Zhou et al, 2010; Roudier et al, 2011) . In the mutants defective in H3K9me2 and H3K27me1, decondensation of heterochromatin was observed (Soppe et al, 2002; Lindroth et al, 2004; Jacob et al, 2009) , indicating that H3K9me2 and H3K27me1 are required for heterochromatin condensation. Histone acetylation, a histone mark related to transcriptional activation, is maintained at a relatively low level in heterochromatin regions (Zhou et al, 2010; Roudier et al, 2011) . Acetylation of histone peptides can be added by histone acetyltransferases and removed by histone deacetylases. In Arabidopsis, there are 12 histone acetyltransferases, among which two MYST-type histone acetyltransferases, HAM1 and HAM2, mediate histone acetylation specifically at H4K5 sites and are essential for gametophytic development (Pandey et al, 2002; Earley et al, 2007; Latrasse et al, 2008) . In yeast and animals, the MYST-type histone acetyltransferases were demonstrated to act as catalytic subunits of conserved NuA4/Tip60-type histone acetyltransferase complexes (Doyon & Cote, 2004) . There are 19 Arabidopsis histone deacetylases, in which only HDA6 is known to mediate heterochromatin condensation and transcriptional silencing (Aufsatz et al, 2002; Probst et al, 2004; Hollender & Liu, 2008; Liu et al, 2012) . HDA6 is not only required for histone deacetylation but also for DNA methylation (Earley et al, 2010; To et al, 2011; Liu et al, 2012; Blevins et al, 2014) . However, relatively little is known about how heterochromatin regions are specifically subjected to histone deacetylation, DNA methylation, and transcriptional silencing.
In this study, we carry out a reverse genetic screen to identify new chromatin regulators that are required for heterochromatin silencing. By combining genetic and biochemical methods, we identify multiple functionally redundant protein complexes and demonstrate that the complexes are required for heterochromatin condensation and silencing. The complexes, which we have termed PEAT, are composed of Pro-Trp-Trp-Pro domain-containing proteins (PWWPs), enhancer of polycomb-related proteins (EPCRs), AT-rich interaction domain-containing proteins (ARIDs), and telomere repeat binding proteins (TRBs) . We demonstrate that the complexes are involved in histone deacetylation and heterochromatin silencing, and show that they play a regulatory role in RdDM. The PEAT complexes' involvement in heterochromatin silencing occurs independently of their regulatory role in RdDM. Intriguingly, the complexes interact with both histone acetyltransferases (HAM1 and HAM2) and histone deacetylases (HDA6 and HDA9). The study provides a new insight for understanding how histone acetylation and heterochromatin condensation are regulated in eukaryotes.
Results

EPCR1 and EPCR2 are regulators of transcriptional silencing and development
With the goal of identifying unknown regulators that are required for transcriptional silencing of transposable elements and of other repetitive DNA sequences, we screened a collection of homozygous SALK T-DNA insertion mutants and searched for mutants in which transcriptional silencing of the solo LTR (solo long terminal repeat) locus is released. The collection included mutants of the 550 chromatin-related genes implicated in our previous study of chromatin regulation (Zhang et al, 2016) . Although the screen did not identify any unknown mutants that strongly released transcriptional silencing of solo LTR, we found that this silencing was weakly released in a mutant (SALK_039205) harboring a T-DNA insertion in AT4G32620, which encodes an enhancer of polycomb-related protein that we here named EPCR1 (Fig 1A; Appendix Fig S1) . EPCR1 has a close paralog, AT5G04670, which we named EPCR2 (Fig EV1A) .
In view of the weak effect of epcr1 on transcriptional silencing of the solo LTR locus, we speculated that EPCR2 may function redundantly with EPCR1 and thereby mask the effect of the epcr1 mutant on transcriptional silencing. We obtained an epcr2 mutant (SALK_024125) and crossed it with epcr1 to obtain an epcr1 epcr2 (epcr1/2) double mutant (Appendix Fig S1) . The epcr1 and epcr2 single mutants showed no obvious developmental defects, with the exception that the epcr1 mutant had shorter roots than the wild type ( Fig 1B) . In the epcr1/2 double mutant, however, plant development was halted at the cotyledon stage (Fig 1B) , suggesting that EPCR1 and EPCR2 are functionally redundant and are required for early seedling development. Quantitative PCR (qPCR) analysis showed that the transcription of solo LTR was weakly induced in the epcr1 and epcr2 single mutants; this induction was much enhanced in the epcr1/2 double mutant ( Fig 1C) . Furthermore, we evaluated whether the epcr1 and epcr2 mutations affect the transcript levels of SDC, AtSN1, AtGP1, and AtCOPIA28, which are well-known genomic loci that are silenced by DNA methylation. SDC is a protein-coding gene that is redundantly silenced by CHG maintenance methylation and RdDM on tandem repeats of its promoter region (Henderson & Jacobsen, 2008) . Our qPCR experiment indicated that the transcript levels of these loci were either not induced or were only weakly induced in the epcr1 and epcr2 single mutants, but the induction was markedly enhanced in the epcr1/2 double mutant ( Fig 1C) .
For complementation testing, we created a construct harboring a native promoter-driven genomic EPCR1 sequence and transformed the construct into the EPCR1 À/À ;EPCR2 +/À plants. We successfully generated EPCR1 transgenic plants in the epcr1/2 double-mutant background and found that the plants had no developmental defects (Fig EV1B) , suggesting that EPCR1 complemented the developmental defect in the epcr1/2 double-mutant background-the plants were able to grow beyond the cotyledon stage until flowering. Moreover, the EPCR1 transgene in the epcr1/2 double mutant significantly restored the transcriptional silencing phenotype even though EPCR2 is still defective in the transgenic plants ( Fig 1C) . These results demonstrate that EPCR1 and EPCR2 function redundantly in transcriptional silencing and early seedling development.
PWWPs, EPCRs, ARIDs, and TRBs form complexes in vivo
To understand how the EPCR1/2 proteins mediate transcriptional silencing, we created transgenic plants expressing EPCR1-Flag fusion construct driven by the EPCR1 promoter (pEPCR1:EPCR1-Flag). We then identified proteins that interact with EPCR1-Flag using Flagtag-based affinity purification in combination with mass spectrometry. We initially confirmed that the EPCR1-Flag protein could be purified and identified via mass spectrometry, and then identified proteins that were co-purified with it. These included an uncharacterized PWWP (Pro-Trp-Trp-Pro)-containing protein that we named PWWP1, three uncharacterized AT-rich interaction domain-containing proteins that we named ARID2, ARID3, and ARID4, and two previously characterized telomere repeat binding proteins, TRB1 and TRB2 (Schrumpfova et al, 2014) (Table 1 ; Dataset EV1). We next generated pARID2:ARID2-Flag and pTRB1: TRB1-Flag transgenic plants and conducted Flag-tag-based affinity purification experiments to identify proteins that interact with the ARID2-Flag and TRB1-Flag fusion proteins. ARID2-Flag was co-purified with AIRD2/3/4, EPCR1, PWWP1/2/3, and TRB1/2; TRB1-Flag was co-purified with TRB1, ARID2/3/4, EPCR1/2, and PWWP1 (Table 1 ; Dataset EV1). These results collectively indicate that EPCR1/2, ARID2/3/4, PWWP1/2/3, and TRB1/2 appear to interact with each other in Arabidopsis.
To confirm these protein-protein interactions, we crossed Flagand Myc-tagged EPCR1, ARID2, ARID3, and TRB1 transgenic plants with each other and conducted co-immunoprecipitation (co-IP) using anti-Flag and anti-Myc antibodies in their progeny. The co-IP experiments confirmed that EPCR1 interacts with ARID2, ARID3, and TRB1, and confirmed that ARID2 interacts with TRB1 (Fig 2A-C) . By yeast two-hybrid combined with in vitro pull-down assays, we verified these protein-protein interactions: PWWPs directly interact with ARIDs, EPCRs, and TRBs, while ARIDs, EPCRs, and TRB1 do not directly interact with each other (Fig 2D-G ; Appendix Fig S2) . Moreover, the yeast two-hybrid results indicated that the self-interaction and the interaction of paralogs occurred in the following sets of paralogous proteins: the ARIDs, the PWWPs, and the TRBs (Fig 2D) . However, it remains to be determined whether these interactions occur in Arabidopsis.
To determine whether PWWP, EPCR, ARID, and TRB proteins form protein complexes in vivo, we performed gel filtration coupled with Western blotting (Fig EV2) . The result indicated that PWWP2, EPCR1, ARID2, and TRB1 were all present in large-size fractions (> 443 kDa) even though TRB1 was also shown in small-size fractions (Fig EV2) , supporting the notion that PWWP2, EPCR1, ARID2, and TRB1 form a multi-subunit protein complex in Arabidopsis. Considering that there are paralogs of the PWWP, EPCR, ARID, and TRB proteins, and given the functional redundancy between the paralogs, we predict that these paralogs form multiple functionally redundant complexes, which we hereafter deem PEAT (PWWPsEPCRs-ARIDs-TRBs) complexes. It is worth noting that, as determined by affinity purification coupled with mass spectrometric analyses, ARID2 but not EPCR1 and TRB1 can co-purify paralogs (Table 1 ). The results suggest that while the paralogs of the ARID paralogs can exist in one PEAT complex, the paralogs of the EPCR and TRB proteins are mutually exclusive in different PEAT complexes.
The PEAT complexes are required for transcriptional silencing and development
Considering the effects of EPCR1/2 on transcriptional silencing and development, and given the interactions of EPCR1/2 with ARID2/3/ 4, PWWP1/2/3, and TRB1/2, we next asked whether ARID2/3/4, PWWP1/2/3, and TRB1/2 also function in transcriptional silencing and development. We observed no obvious developmental defects in any of the following single mutants: (1)
Relative transcript 1 cm Figure 1 . EPCR1 and EPCR2, two enhancer of polycomb-related proteins, are required for transcriptional silencing and development.
A The transcript level of solo LTR in the wild type and the epcr1 mutant. Error bars are standard deviations of three technical replicates. The experiment was independently performed three times, and similar results were obtained. B The developmental phenotype of the epcr1 and epcr2 single mutants and the epcr1/2 double mutant relative to the wild type. Two-week-old seedlings grown on vertical MS medium plates are shown. C The transcript levels of solo LTR, SDC, AtSN1, AtGP1, and AtCOPIA28 in the wild type, epcr1 and epcr2 single mutants, epcr1/2 double mutant, and two individual EPCR1 transgenic lines in the epcr1/2 double-mutant background. Error bars are standard deviations of three biological replicates.
pwwp2 (SALK_136093), or pwwp3 (SALK_042581) (Appendix Fig  S1) . We predicted that, like EPCR1/2, the ARID2/3/4 proteins and/ or the PWWP1/2/3 proteins may exhibit functional redundancy. To evaluate this, we obtained double and triple mutants of ARID2/3/4 by crossing. Although no obvious development defects were observed for any of the double mutants of ARID2/3/4 (Appendix Fig  S3A) , the development of the arid2/3/4 triple mutant halted at the cotyledon stage in seedlings grown on MS medium plates ( Fig 3A; Appendix Fig S3A) . The halted development phenotype is highly similar for the arid2/3/4 mutant and the epcr1/2 mutant. Intriguingly, when we transferred plants from MS medium plates into soil at the cotyledon stage, the arid2/3/4 mutant, but not the epcr1/2 mutant, was able to continue development up until flowering and seed set. We also tried to generate double and triple mutants of PWWP1/2/3 by crossing. We successfully obtained pwwp1/2, pwwp1/3, and pwwp2/3 double mutants; these mutants showed no obvious developmental defects. We failed to obtain a pwwp1/2/3 triple mutant, suggesting that the PWWP1/2/3 proteins function redundantly and are required for normal gametophytic and/or sporophytic development. However, we identified a mutant with a genotype harboring homozygous T-DNA insertions in PWWP1 and PWWP2 and a heterozygous T-DNA insertion in PWWP3 (PWWP1
) that showed pleiotropic developmental defects (Fig 3B) . These results indicate that, like EPCR1/ 2, there is redundancy in the development-related functions among the ARID2/3/4 proteins and among the PWWP1/2/3 proteins.
We evaluated the transcript levels of solo LTR, SDC, and FWA by qPCR to determine whether or not the ARID2/3/4 and PWWP1/2/3 genes have functions relating to transcriptional silencing. Like SDC, FWA is a protein-coding gene that is silenced by DNA methylation of tandem repeats in its promoter region (Soppe et al, 2000; Chan et al, 2006) . In single and double mutants of ARID2/3/4, the transcript levels for the solo LTR, SDC, and FWA loci were either not induced or were only weakly induced; their levels were greatly enhanced in the arid2/3/4 triple mutant (Fig 3C) . Similarly, although the transcript levels for the solo LTR, SDC, and FWA loci were either not induced or weakly induced in the single or double mutants of PWWP1/2/3, their levels were markedly induced in the PWWP1
+/À mutant ( Fig 3D) . These results demonstrate that, like EPCR1/2, the ARID2/3/4 proteins and the PWWP1/2/3 proteins function redundantly in transcriptional silencing. The telomere repeat binding protein TRB1 was previously reported to facilitate maintenance of telomeres in Arabidopsis (Schrumpfova et al, 2014) . Considering the function of EPCRs, ARIDs, and PWWPs in development and transcriptional silencing, we predicted that TRB1/2 may be required for development and transcriptional silencing in addition to their role in the maintenance of telomeres. We obtained a homozygous trb1 mutant (SALK_025147); it had no obvious developmental defects. We obtained a heterozygous trb2 mutant (GK-103E02), but failed to identify a homozygous mutant in its segregation group, suggesting that TRB2 is required for gametophytic or sporophytic development. The requirement of TRB2 for the viability of plants is consistent with our finding that the PEAT complexes play an important role in development. To determine whether TRB2 is required for transcriptional silencing, we generated TRB2 knockdown lines (TRB2-KD) to evaluate the function of TRB2 in transcriptional silencing. Fortunately, we obtained TRB2-KD in both wild-type and trb1 mutant backgrounds (Fig 3E) . No obvious developmental defects were observed in the TRB2-KD plants, suggesting that residual TRB2 expression levels in the TRB2-KD lines are sufficient for maintaining a wild-type development phenotype. Relative to wild-type plants, the solo LTR transcript level was significantly increased in trb1 plants but not in TRB2-KD plants (Fig 3E) . Of note, the solo LTR transcript level was slightly higher in the trb1;TRB2-KD plants than in the trb1 plants (Fig 3E) . These results establish that TRB1 and TRB2 cooperate to mediate transcriptional silencing.
Considering that transcriptional silencing of the heterochromatic rDNA loci is reported to change in the early seedling development (Mathieu et al, 2003; Earley et al, 2010) , it is possible that the release of transcriptional silencing in the PEAT mutants is indirectly caused by the cotyledon stage arrest of the PEAT mutants. To exclude the possibility, the wild type, arid2/3/4, and epcr1/2 mutant seedlings were grown for 2, 4, 7, and 10 days after germination and were harvested for RNA extraction followed by qPCR analysis (Appendix Fig S3B) . The aforementioned qPCR The EMBO Journal PEAT complexes required for silencing Lian-Mei Tan et al analysis indicated that the silencing of the solo LTR, AtSN1, AtGP1, SDC, and AtCOPIA28 loci was released in the epcr1/2 mutant ( Fig 1C) . Our qPCR analysis indicated that although the expression levels of these loci were affected to a certain degree by developmental stages, the expression of all these loci was markedly increased in both the epcr1/2 and arid2/3/4 mutants compared to the wild type at different development stages (Fig EV3) , suggesting that the release of silencing in the mutants A The interaction between EPCR1 and ARID2 or ARID3. Arabidopsis plants carrying EPCR1-Flag and ARID2-Myc or ARID3-Myc transgenes were used for co-IP. B The interaction between TRB1 and ARID2. Arabidopsis plants carrying TRB1-Flag and/or ARID2-Myc transgenes were used for co-IP. C The interaction between TRB1 and EPCR1. Arabidopsis plants carrying TRB1-Flag and/or EPCR1-Myc transgenes were used for co-IP. D The diagram of protein-protein interactions that were detected in yeast two-hybrid assays. A line represents an interaction between two proteins. If a protein was indicated to interact with another protein when it was fused with both GAL4-BD and GAL4-AD, both straight and curved lines are shown between the two proteins. A lariat loop indicates that a protein can form a homodimer. E The interaction between TRB1 and PWWP2 or ARID2 was detected by an GST pull-down assay. F The interaction between EPCR1, PWWP2, ARID2, and TRB1 was detected by an HIS pull-down assay. The full-length PWWP2, ARID2, and TRB1, and the EPCR1-N terminal (1-500 aa) were used for the interaction assay. G The diagram indicates the interactions among EPCR1, PWWP2, ARID2, and TRB1 as determined by pull-down assay, yeast two-hybrid, and co-IP. The solid line and the broken line indicate, respectively, direct and indirect protein-protein interactions.
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The function of the PEAT complexes as determined by RNA-seq
To assess the function of the PEAT complexes in transcription of TEs and genes at the whole-genome level, we performed RNA deep sequencing (RNA-seq) for epcr1/2, arid2/3/4 mutant, and wild-type plants. We also included the RNA-directed DNA methylation mutant nrpe1 (mutation in the largest subunit of Pol V), which is known to have increased TE transcription, in our RNA-seq analysis. We identified 89 and 61 TEs that were significantly upregulated in the epcr1/2 and arid2/3/4 mutants (P < 0.01; log2 (fold change) > 1; Cufflinks), respectively; only 24 and 22 TEs were significantly downregulated in these two mutants (P < 0.01; log2(fold change)< À1; Cufflinks) ( Fig 4A ; Dataset EV2). About two-third of the upregulated TEs in arid2/3/4 (42/61) were also upregulated in epcr1/2 (Fig 4A and B) , suggesting that EPCR1/2 and ARID2/3/4 have related functions in transcriptional silencing of TEs. It was notable that the number of upregulated TEs (64 upregulated TEs) in the nrpe1 mutant is comparable to that in the arid2/3/4 mutant and is fewer that in the epcr1/2 mutant ( Fig 4A, Dataset EV2 ). Many upregulated TEs in the epcr1/2 and arid2/3/4 mutants were present in pericentromeric heterochromatin regions (Fig 4C) , suggesting that the PEAT complexes are involved in heterochromatin silencing. Further analysis of the RNAseq data indicated that many protein-coding genes are differentially expressed in the epcr1/2 (1,544 up and 2,006 down) and arid2/3/4 mutants (1,216 up and 1,426 down) ( Fig 4A; Dataset EV2 ). There were 712 and 779 genes that were commonly up-and downregulated between the epcr1/2 and arid2/3/4 mutants (Fig 4A and B ; Dataset EV2). Specifically, the RNA-seq data indicated that several genes that are known to be required for shoot apical meristem formation and maintenance (STM, CUC1, CUC2, KNAT1, KNAT2, and KNAT6) are significantly upregulated in the arid2/3/4 and epcr1/2 mutants (Dataset EV2). To confirm the effect of arid2/3/4 and epcr1/2 on the expression of these genes, we carried out qPCR and demonstrated that 
A
The developmental phenotype of the arid2/3/4 mutant as compared to the wild type. Two-week-old seedlings grown on MS medium are shown. B
The developmental phenotype of the pwwp1/2/3 +/À mutant as compared to the wild type. One-month-old plants grown in soil are shown.
C, D The effect of the arid2, arid3, and arid4 mutations, and the effect of the pwwp1, pwwp2, and pwwp3 mutations on the silencing of solo LTR, SDC, and FWA as determined by qPCR. Showing are results of three biological replicates with standard deviations. E The effect of the trb1 mutation and the TRB2 knockdown (TRB2-KD) on the silencing of solo LTR, as determined by qPCR (right panel). The transcript level of TRB2 was evaluated to confirm the TRB2 knockdown (left panel). Error bars represent standard deviations of three biological replicates.
the expression of these genes is significantly upregulated in the arid2/ 3/4 and epcr1/2 mutants at different developmental stages (Appendix Figs S3B and S4) , suggesting that the developmental arrest of the epcr1/2 and arid2/3/4 mutants may be caused by the aberrant expression of these genes. The DNA glycosylase gene ROS1 is responsible for active DNA demethylation and repression of transcriptional gene silencing (Gong et al, 2002; Zhu, 2009 ). The transcript level of ROS1 is known to be decreased in the DNA methylation mutants including met1 and RdDM mutants (Mathieu et al, 2007) . DNA methylation in the ROS1 promoter region is required for ROS1 expression (Lei et al, 2015; Williams et al, 2015) . Our transcriptome data indicated that the transcript level of ROS1 was markedly decreased in both the epcr1/2 and arid2/3/4 mutants ( Fig 4D) . The JmjC-type histone H3K9 demethylase gene IBM1 has two different lengths of transcripts (IBM1-L and IBM1-S). DNA methylation in an IBM1 intronic region is required for accumulation of the long IBM1 transcript (IBM1-L) but is not required for accumulation of the short one (IBM1-S) (Rigal et al, 2012) . In the mutants that are defective in DNA methylation and heterochromatin silencing such as met1, cmt3, and kyp/suvh4, the intronic DNA methylation is decreased, which represses the accumulation of the IBM1-L transcript (Rigal et al, 2012) . Our transcriptome data indicated that in epcr1/2 and arid2/3/4, the IBM1-L transcript level was markedly decreased, whereas the IBM1-S transcript level was not affected (Fig 4D) . Further, we performed qPCR analysis and confirmed the effect of the PEAT mutations (epcr1/2 and arid2/3/4) on the expression of ROS1 and IBM1-L (Fig 4E) . These results demonstrate that the expression of ROS1 and IBM1-L is affected in the PEAT mutants as well as in the mutants that are defective in DNA methylation and heterochromatin silencing, which is consistent with the observed role of the PEAT complexes in heterochromatin silencing.
The PEAT complexes interact with both histone acetyltransferases and histone deacetylases
To investigate the mechanism of how the PEAT complexes function in heterochromatin silencing, we searched for EPCR1-Flag, ARID2-Flag, and TRB1-Flag interacting proteins that were identified by affinity purification in combination with mass spectrometry. We found two conserved MYST-type histone acetyltransferases (HAM1 and HAM2) that were co-purified with EPCR1-Flag, ARID2-Flag, and TRB1-Flag (Table 2 ; Dataset EV1), suggesting that EPCR1, ARID2, and TRB1 interact with HAM1/2 in vivo. To confirm these interactions, we generated pHAM1:HAM1-Myc and pHAM2:HAM2-Myc TEs Genes A Venn diagrams showing up-and downregulated genes and TEs in the epcr1/2 and arid2/3/4 mutants relative to the wild type, as determined by RNA-seq. The data are from three independent biological replicates. All the overlaps are highly significant (P < 2.6 × 10
À30
) as determined by hypergeometric test. B Heat maps showing differentially transcribed genes and TEs in the arid2/3/4 and epcr1/2 mutants relative to the wild type. C Distribution of upregulated TEs in nrpe1, epcr1/2, and arid2/3/4 on the Arabidopsis chromosomes. D Genome browser snapshots showing the transcript patterns of ROS1 and IBM1 in arid2/3/4 and epcr1/2 relative to the wild type. E Effects of arid2/3/4 epcr1/2 on the transcript levels of ROS1 and IBM1-L as determined by qPCR. The expression of ROS1 and the longer version of IBM1 (IBM1-L) was evaluated by qPCR. ACT7 was amplified as an internal control. Bars represent SD from two independent experiments, each with three technical replications.
ª 2018 The Authors The EMBO Journal e98770 | 2018 transgenic plants and identified proteins that interact with HAM1/2 by affinity purification. PWWP1, EPCR1, ARID2/3/4, and TRB1/2 were co-purified with HAM1-Myc or HAM2-Myc (Table 2 ; Dataset EV3), demonstrating that these PEAT components interact with HAM1/2. Furthermore, we generated transgenic plants expressing differentially tagged (Flag and Myc) versions of EPCR1, ARID2/3/4, TRB1, and HAM1/2, and then crossed these plants with each other. Our co-IP analysis of the progeny from these crosses confirmed that the PEAT components EPCR1, ARID2/3/4, and TRB1 each interact with the HAM1 and HAM2 acetyltransferases in vivo (Fig 5A-C) . In addition to their interaction with the PEAT components, our affinity purification experiments showed that HAM1-Myc and HAM2-Myc interact with 10 conserved accessory subunits of the NuA4 histone acetyltransferase complex (Table 2 ; Dataset EV3). Thus, as in yeast and animals, Arabidopsis HAM1 and HAM2 appear to function in the NuA4 histone acetyltransferase complex. Two enhancer of polycomb-like proteins (EPL1a and EPL1b), which are distantly related to the PEAT subunits EPCR1/2, are conserved subunits of the NuA4 histone acetyltransferase complex (Table 2) . We generated pEPL1a:EPL1a-Flag and pEPL1b:EPL1b-Flag transgenic plants and used affinity purification to identify proteins that interact with EPL1a and EPL1b. EPL1a and EPL1b were co-purified with all the 10 other subunits of the NuA4 histone acetyltransferase complex but none of PEAT components (Table 2 ; Dataset EV3). Moreover, none of the 10 accessory subunits of the NuA4 histone acetyltransferase complex were identified via affinity purification of EPCR1-Flag, ARID2-Flag, or TRB1-Flag (Table 2 ; Dataset EV1). These results show that the PEAT components interact with HAM1 and HAM2; further, they exclude the possibility that the PEAT components are part of the NuA4 histone acetyltransferase complex. HAM1/2 mediates histone H4K5 acetylation, which positively regulates transcriptional activation (Earley et al, 2007) . Given that the PEAT complexes interact with HAM1/2, and considering that the PEAT complexes function in heterochromatin silencing, we predicted that the PEAT complexes somehow interfere with the histone acetylation activity of HAM1/2.
The RPD3-like histone deacetylase HDA9 was among the proteins co-purified with ARID2-Flag (Dataset EV1). To validate the interaction of this deacetylase with ARID2/3/4, we generated HDA9-Flag transgenic plants and crossed them with ARID2-Myc, ARID3-Myc, and ARID4-Myc transgenic plants. Progeny harboring both transgenes were used for co-IP analysis, which revealed that HDA9 interacts with ARID2, ARID3, and ARID4 (Fig 5D) . However, HDA9 is known to regulate flowering time regulation, silique development, and leaf senescence but not heterochromatin silencing (Kim et al, , 2016 Chen et al, 2016) . Another RPD3-like histone deacetylase, HDA6, was previously shown to be required for heterochromatin silencing (Hollender & Liu, 2008; Earley et al, 2010) . We therefore tested whether or not the PEAT complexes interact with HDA6. Using transgenic plants harboring both HDA6-Myc and EPCR1-Flag or ARID2-Flag, we performed co-IP and determined that HDA6 interacts with EPCR1 and ARID2 (Fig 5E) .
The PEAT complexes contribute to histone deacetylation and heterochromatin condensation
Since the PEAT complexes interact not only with the histone acetyltransferases HAM1/2 but also with the histone deacetylases HDA6/ 9, the involvement of the PEAT complexes in heterochromatin silencing may be related to regulation of histone acetylation. We performed chromatin immunoprecipitation sequencing (ChIP-seq) to determine whether or not mutations in PEAT components affect histone H4K5 acetylation (H4K5Ac), a modification of a histone that can be added by the histone acetyltransferases HAM1/2 and can be removed by the histone deacetylase HAD6 (Earley et al, 2006 (Earley et al, , 2007 . Our H4K5Ac ChIP-seq analysis identified a number of histone hyperacetylated regions in the epcr1/2 and arid2/3/4 mutants relative to the wild type (Fig 6A) . There was a significant overlap in the hyperacetylated chromatin regions of the epcr1/2 and arid2/3/4 mutants (P < 0.01, hypergeometric test) (Fig 6A) . Since the PEAT mutants released silencing of TEs, we investigated whether or not histone H4K5Ac levels of TEs are affected in the PEAT mutants. Analyses of the H4K5Ac ChIP-seq data indicated that H4K5Ac levels of TEs are significantly increased in the epcr1/2 and arid2/3/4 mutants relative to the wild type (Fig 6B and C) . The hyperacetylation of TEs is consistent with the release of TE silencing in the arid2/3/4 and epcr1/2 mutants, suggesting that the PEAT components are required for histone deacetylation of TEs. Further, we carried out ChIP in combination with qPCR to determine whether the PEAT complexes directly bind to their target loci. In the ChIPqPCR experiment, the anti-Flag antibody was used to precipitate Flag-tagged proteins in EPCR1-Flag, ARID2-Flag, and TRB1-Flag transgenic plants. The result indicated that these PEAT components are enriched in their target loci including solo LTR, AtGP1, AtCOPIA28, and AT1TE42205 (Appendix Fig S5) , suggesting that the PEAT complexes directly bind to their target loci and thereby mediate histone deacetylation and transcriptional silencing.
Considering the interaction of the PEAT components with the deacetylases HDA6 and HDA9, we predict that the PEAT complexes may mediate histone deacetylation of TEs by facilitating the function of the histone deacetylases. To explore how the PEAT complexes contribute to the function of the histone deacetylases, 
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The EMBO Journal PEAT complexes required for silencing Lian-Mei Tan et al we carried out an in vitro histone deacetylation assay to test whether the PEAT complexes affect the activity of the histone deacetylase HDA6. However, although we detected the histone deacetylation activity of HDA6, its activity is not affected by addition of the PEAT complexes isolated by PWWP2, EPCR1, ARID2, and TRB1 from Arabidopsis seedlings (Appendix Fig S6) , suggesting that the PEAT complexes do not affect the activity of the histone deacetylase HDA6 as determined by the in vitro assay. We predict that specific chromatin environments may be critical for the role of the PEAT complexes in the regulation of histone deacetylation and transcriptional silencing. TRB2 was previously shown to interact with the histone deacetylases HDT4 and HDA6, thereby regulating the telomere length (Lee & Cho, 2016) . By telomere length analysis, we demonstrated that the telomere length was significantly increased in epcr1/2 and to a lesser extent in arid2/3/4 (Appendix Fig S7) , which is consistent with the previous study showing that the telomere length was increased in the trb2 mutant compared to the wild type (Lee & Cho, 2016) . The result suggests that, like TRB2, ARID2/3/4 and EPCR1/2 act as negative regulators of telomere elongation, confirming the molecular and functional connection between TRB proteins and AIRD2/3/4 or EPCR1/2 as identified in this study.
In interphase Arabidopsis nuclei, heterochromatin regions form 8 to 10 condensed nuclear bodies that are densely stained by DAPI (4 0 ,6-diamidino-2-phenylindole). These dense bodies of condensed heterochromatin can also be identified using antibodies for repressive histone modifications including H3K9me2 and H3K27me1 (Soppe et al, 2002; Lindroth et al, 2004; Jacob et al, 2009 ). Heterochromatin condensation is disrupted in the histone deacetylase mutant hda6 and in mutants defective in DNA methylation such as met1 and ddm1 (Soppe et al, 2002; Probst et al, 2004; Tessadori et al, 2009; Earley et al, 2010) . We used DAPI staining and immunostaining with an anti-H3K27me1 antibody to determine whether or not the PEAT complexes are required for heterochromatin condensation, and found that in the wild type, heterochromatin regions were highly compact and form condensed foci in the nuclei (Fig 6D and E; Appendix Fig S8A and B) . However, in the Source data are available online for this figure. ª 2018 The Authors The EMBO Journal e98770 | 2018 arid2/3/4 mutant, heterochromatin regions were clearly less compact and showed fewer condensed foci in the nuclei (Fig 6D  and E ; Appendix Fig S8A and B) . These results imply that the function of the PEAT complexes in heterochromatin condensation is involved in heterochromatin silencing.
The PEAT complexes regulate the production of siRNAs Previous studies suggest that the known mutants defective in DNA methylation and heterochromatin silencing such as met1, ddm1, and hda6, differently affect the production of Pol IV-dependent siRNAs at particular chromatin loci ( et al, 2010) . Since the aforementioned results demonstrated that the PEAT complexes are required for heterochromatin silencing, we performed small RNA deep sequencing (sRNA-seq) to determine whether or not the PEAT complexes affect the production of Pol IV-dependent siRNAs. We identified genome loci from which fewer siRNAs were produced in the Pol IV mutant nrpd1 compared to the wild type. Consistent with previous studies (Zhang et al, 2007; Mosher et al, 2008) , our sRNA-seq analysis indicated that the Pol IV-dependent siRNAs are enriched in pericentromeric heterochromatin regions and are also accumulated in dispersed loci in chromosome arms (Appendix Fig  S9A; Dataset EV4). We next examined the production of the Pol IV-dependent siRNAs in the PEAT mutants (epcr1/2 and arid2/3/ A Overlap among H4K5 hyperacetylated regions in the arid2/3/4 and epcr1/2 mutants relative to the wild type. The overlap is significant (P = 4.4 × 10
À78
) as determined by hypergeometric test. B Metaplot of histone H4K5 acetylation levels of TEs in wild-type, arid2/3/4, and epcr1/2 plants. Histone H4K5 acetylation levels are represented by normalized reads that obtained in the H4K5Ac ChIP-seq analysis. TSS represents transcription start site, and TTS represents transcription termination site. C Boxplot of histone H4K5 acetylation levels of TEs in wild-type, arid2/3/4, and epcr1/2 plants. Asterisks indicate that H4K5Ac levels are significantly higher in the arid2/ 3/4 (P = 2.42 × 10
À13
) and epcr1/2 (P = 1.52 × 10 4) and the hda6 mutant. Our sRNA-seq analysis showed that, compared to the wild type, the production of Pol IV-dependent siRNAs was either not affected or weakly reduced from Pol IV target loci dispersed in chromosome arms in each of these mutants (Fig 6F; Appendix Fig S9A and B) . In pericentromeric heterochromatin regions, however, all of the mutants exhibited increased production of Pol IV-dependent siRNAs (Fig 6F; Appendix Fig S9A and B) . Analysis of these mutants suggests that, like HDA6, the PEAT complexes differentially regulate the production of Pol IV-dependent siRNAs between chromosome arms and pericentromeric heterochromatin regions.
To further investigate how the PEAT complexes differentially affect the production of Pol IV-dependent siRNAs, we used our sRNA-seq data to identify Pol IV-dependent siRNA regions (500 bp) that produced significantly (fold change ≥ 2; P < 0.01) different amounts of Pol IV-dependent siRNAs in the PEAT and hda6 mutants compared to the wild type. We identified 1,566, 2,074, and 779 siRNA regions that produced significantly more Pol IV-dependent siRNAs in the arid2/3/4, epcr1/2, and hda6 mutants, respectively, than in the wild type (Fig 6G) . In the 1,566 siRNA regions identified in the arid2/3/4 mutant, 92.7% (1,452/1,566) are also identified in the epcr1/2 mutants ( Fig 6G; Dataset EV4 ), supporting the notion that ARID2/3/4 and EPCR1/2 commonly repress the production of Pol IV-dependent siRNAs. In the 779 siRNA regions identified in the hda6 mutant, 89.2% (695/779) are identified in both the arid2/3/4 and epcr1/2 mutants (Fig 6G; Dataset EV4 ). Our boxplot analysis indicated that, in the 779 siRNA regions that produced more Pol IV-dependent siRNAs in the hda6 mutant, siRNAs are significantly upregulated not only in the hda6 mutant but also in the arid2/3/4 and epcr1/2 mutants (Fig 6H) . Further, we analyzed the chromosome locations of the siRNA regions that produced more Pol IV-dependent siRNAs in the arid2/3/4, epcr1/2, and hda6 mutants than in the wild type, indicating that most of these siRNA regions (> 95%) are present in pericentromeric heterochromatin regions ( Figs 6I and EV4A ). These results demonstrate that the PEAT complexes and HDA6 commonly repress the production of Pol IV-dependent siRNAs in pericentromeric heterochromatin regions. We identified 379, 85, and 617 siRNA regions that produce less Pol IV-dependent siRNAs in the arid2/3/4 and epcr1/ 2, and hda6 mutants than in the wild type (Fig 6G) . These siRNA regions are present not only in pericentromeric heterochromatin regions but also in chromosome arms (Fig EV4A) . These results suggest that chromosome arms predominantly contain the siRNA regions that produced less siRNAs in these mutants, which is consistent with the decreased siRNA accumulation on chromatin arms.
The production of siRNAs from the heterochromatic rDNA loci is overproduced in the hda6 mutant and the mutants (i.e., met1 and ddm1) that are defective in DNA methylation and heterochromatin condensation (Mathieu et al, 2007; Blevins et al, 2009; Pontes et al, 2009) . Northern blotting analyses in a previous study show that 21-nt and 24-nt siRNAs from the intergenic spacers of the heterochromatic 45S rDNA loci are accumulated more in the hda6 mutant than in the wild type (Earley et al, 2010) . While the production of 24-nt siRNAs is dependent on Pol IV, the production of 21-nt siRNAs is dependent on Pol II (Earley et al, 2010) . We used our sRNA-seq data to evaluate how the 24-nt and 21-nt siRNAs from the 45S rDNA intergenic spacers are affected in the PEAT and hda6 mutants. Our sRNA-seq data indicated that both the 24-nt and 21-nt siRNAs from the 45S rDNA intergenic spacer sequence IGS1 were overproduced not only in the hda6 mutant but also in the arid2/3/4 and epcr1/2 mutants (Fig EV4B) . The result suggests that, like the hda6 mutant, the PEAT mutants exhibit increased levels of both the 24-nt and 21-nt siRNAs, which supports the inference that the PEAT complexes affect the production of siRNAs in a similar manner with HDA6.
The PEAT complexes regulate DNA methylation
Considering the known role of DNA methylation in heterochromatin condensation and transcriptional silencing, we performed bisulfite sequencing to determine the effect of the epcr1/2 and arid2/3/4 mutations on DNA methylation at the whole-genome level. At the whole-genome level, DNA methylation is slightly decreased especially at CHH sites in the promoter regions of genes in both epcr1/2 and arid2/3/4 (Fig 7A) . DNA methylation in the promoter regions of genes was known to be established by RdDM in Arabidopsis (Stroud et al, 2013) . We therefore tested whether the epcr1/2 and arid2/3/4 mutations affect DNA methylation at RdDM target loci. The hypo-DNA methylated regions (hypo-DMRs) identified in the Pol V mutant nrpe1 were defined as RdDM target loci. Our boxplot analysis indicated that the DNA methylation levels were significantly decreased in both epcr1/2 and arid2/3/4 even though the decrease was much weaker in the epcr1/2 and arid2/3/4 than in nrpe1 (Fig 7D) . Further, heat maps showed that DNA methylation was decreased at CHH sites and to a lesser extent at CG and CHG sites at a subset of RdDM target loci (Fig 7E) , suggesting that the PEAT complexes are involved in DNA methylation at a subset of RdDM target loci. As previously reported (Blevins et al, 2014) , the hda6 mutation also affects DNA methylation at a subset of RdDM target loci. Considering the interaction of the PEAT components and HDA6, we predict that the PEAT complexes may regulate RdDM through the same mechanism as HDA6.
Although DNA methylation is decreased at a subset of RdDM target loci in the PEAT mutants, DNA methylation in TE body is clearly increased especially at CHG and CHH sites (Fig 7A) . Given that RdDM normally targets dispersed chromatin loci but not TEs and DNA repeats in pericentromeric heterochromatin regions (Stroud et al, 2013) , the two seemingly contradictory results are actually reasonable. Consistent with the increased CHG and CHH methylation of TEs in the PEAT mutants, CHG and CHH methylation is specifically increased in pericentromeric heterochromatin regions but not in chromosome arms (Fig 7B; Appendix Fig S10) . Further, CHG and CHH hyper-DMRs (hyper-DNA methylated regions) but not CG hyper-DMRs identified in epcr1/2 and arid2/3/4 were found to be enriched in pericentromeric heterochromatin regions (Fig 7C;  Appendix Fig S11; Dataset EV5 ), confirming that CHG and CHH methylation is increased in pericentromeric heterochromatin regions in arid2/3/4 and epcr1/2 relative to the wild type.
The increased CHG and CHH methylation in epcr1/2 and arid2/3/ 4 was accompanied by the increased production of Pol IV-dependent siRNAs from pericentromeric heterochromatin regions (Fig 6F and I ; Appendix Fig S9B) , suggesting that the increased DNA methylation is likely to be mediated by the increased production of Pol IV-dependent siRNAs through the RdDM pathway in the PEAT mutants. In the hda6 mutant, we found that DNA methylation was actually decreased in heterochromatin regions (Appendix Fig S12) , while the production of Pol IV-dependent siRNAs from ª 2018 The Authors
The EMBO Journal e98770 | 2018 heterochromatin regions was increased (Fig 6F and I ; Appendix Fig  S9B) . By itself, this is not surprising-a previous study reported a similar decrease of DNA methylation in the hda6 mutant (Stroud et al, 2013) . HDA6 was known to interact with the DNA methyltransferase MET1 and thereby facilitate maintenance of normal DNA methylation levels Liu et al, 2012) . We predict that, although the increased production of Pol IV-dependent siRNAs in the hda6 mutant is also known to mediate DNA methylation through the RdDM pathway (Earley et al, 2010) , it is not enough to compensate for the defect in the maintenance of DNA methylation.
Release of silencing in the PEAT mutants is independent of alteration in DNA methylation
To determine whether the release of transcriptional silencing that we observed in the epcr1/2 and arid2/3/4 mutants is correlated with any reduction in DNA methylation, we analyzed the DNA methylation of TEs and genes with increased expression in the PEAT mutants. Compared to the wild type, the mutants did not show significant reduction in DNA methylation at CG, CHG, and CHH sites among these TEs, whereas CHH methylation but not CG and CG methylation was significantly decreased among a subset of these E Heat maps of CG, CHG, and CHH methylation at RdDM target loci. The hypo-DMRs identified in the nrpe1 mutant were defined as RdDM target loci and analyzed in the wild type, nrpe1, eprc1/2, and arid2/3/4 mutants. Black and light yellow indicate low methylation and high methylation, respectively.
genes (Fig 8A and B) . Similarly, we examined the DNA methylation of TEs and genes with decreased expression in the PEAT mutants. The result showed that the DNA methylation of these TEs was not significantly affected and indicated that the DNA methylation of a subset of these genes was significantly reduced at CHH sites but not at CG and CHG sites (Appendix Fig S13A and B) . If the PEAT complexes facilitate DNA methylation and thereby mediate silencing of TEs, then one would expect to observe hypomethylation of the TEs with increased expression. Our results demonstrate that while silencing of these TEs is released in the PEAT mutants, DNA methylation of the corresponding TEs is not reduced. Although CHH methylation is reduced at a subset of the genes with increased expression in the PEAT mutants, release of silencing in many of these genes is not accompanied by reduced DNA methylation (Fig 8A; Dataset EV6 ). Specifically, SDC is known to be redundantly silenced by CMT3-mediated CHG methylation and RdDM (Henderson & Jacobsen, 2008) . Our whole-genome data indicated that, while the silencing of SDC is significantly released in the PEAT mutants, its DNA methylation is not significantly affected at all cytosine sites (Appendix Fig S14) . These results imply that the PEAT complexes may mediate heterochromatin silencing either at a downstream step of or in parallel to DNA methylation.
Previous studies indicated that the expression of ROS1 and IBM1-L (the longer IBM1 transcript) is reduced in the mutants that are defective in DNA methylation and demonstrated that DNA methylation of the regulatory regions in the ROS1 promoter and the IBM1 intron is required for their expression (Mathieu et al, 2007; Rigal et al, 2012; Lei et al, 2015; Williams et al, 2015) . Given the effect of arid2/3/4 and epcr1/2 on the expression of both ROS1 and IBM1-L (Fig 4D and E) , we evaluated whether the DNA methylation in ROS1 and IBM1 was affected by the arid2/3/4 and epcr1/2 mutations as determined by the whole-genome DNA methylation data. We found that in the arid2/3/4 and epcr1/2 mutants, the DNA methylation in the ROS1 promoter was only weakly reduced, whereas the DNA methylation in the IBM1 intron was not affected (Fig EV5A) . The results suggest that, in the PEAT mutants, the decrease in the expression of ROS1 and IBM1-L is unlikely caused by alteration of DNA methylation in their regulatory regions. Considering that the PEAT components interact with the histone acetyltransferases HAM1/2, we examined whether the complex contributes to the expression of ROS1 and IBM1-L through activating histone acetylation. Analysis of our whole-genome histone H4K5 acetylation data indicated that the H4K5 acetylation levels of ROS1 and IBM1 are not affected in the epcr1/2 and arid2/3/4 mutants (Fig EV5B) . Therefore, although the PEAT components interact with the histone acetyltransferases HAM1/2, its function in activation of ROS1 and IBM1 does not require histone acetylation. Given decondensation of heterochromatin and release of silencing in the PEAT mutants, we deduce that the PEAT complexes may regulate the expression of ROS1 and IBM1-L through facilitating the heterochromatin formation in the ROS1 and IBM1 loci even though the complexes do not affect their DNA methylation. This finding is consistent with the results showing that the PEAT complexes are involved in heterochromatin condensation and silencing independently of alteration in DNA methylation at the whole-genome level.
Among the differentially expressed genes of the epcr1/2 and arid2/3/4 mutants identified in our RNA-seq analysis, we observed significantly reduced expression of DRD1 in both mutants; this gene encodes a component of the canonical RdDM pathway (Matzke & Mosher, 2014; Dataset EV2) . To exclude the possibility that the release of silencing in the PEAT mutants could have resulted from reduced expression of DRD1, we generated a DRD1 overexpression construct, p35S-DRD1, and introduced it into the epcr1/2 and drd1 mutant backgrounds. We performed RT-PCR to determine whether or not the drd1 mutation affects the silencing of loci that were identified by our RNA-seq analysis and had upregulated expression in the epcr1/2 mutant. We identified three loci (1 gene and 2 TEs) that had co-upregulated expression in both the epcr1/2 and drd1 mutants (Fig 8C; Dataset EV2) . Further, we evaluated the expression of the three loci in the p35S-DRD1-transformed epcr1/2 and drd1 plants, and the results demonstrated that the overexpression of DRD1 rescued the silencing of the loci in the drd1 background but not in the epcr1/2 background (Fig 8C) , establishing that the PEAT complexes are involved in silencing in a manner that is independent of DRD1. Given that DRD1 is a component of the RdDM pathway, we predicted that the involvement of the PEAT complexes in silencing is independent of the RdDM pathway. Further confirming this idea, our RNA-seq analysis identified many loci in which silencing was released in the PEAT mutants but not in the RdDM mutant nrpe1 (Fig 4C; Dataset EV2 ). It is thus clear that the PEAT complexes mediate heterochromatin silencing via an RdDMindependent mechanism.
Discussion
The enhancer of polycomb-like protein (EPL) is a subunit of the conserved NuA4/Tip60 histone acetyltransferase complex that mediates histone acetylation and transcriptional activation in eukaryotes (Doyon & Cote, 2004) . In yeast, loss-of-function mutations in Epl1 have reduced levels of both histone acetylation and transcription, suggesting that yeast Epl1 is a functional subunit of the NuA4 histone acetyltransferase complex (Boudreault et al, 2003) . Moreover, yeast Epl1 was found to mediate silencing of telomere regions, although its molecular mechanism has remained elusive (Boudreault et al, 2003) . In Arabidopsis, there are two EPL orthologs, EPL1a and EPL1b, and two distantly related proteins we have here named EPCR1 and EPCR2 (Fig EV1A) . Affinity purification of EPL1a and EPL1b identified interactions between EPL1a/1b and all of the conserved subunits of the NuA4 histone acetyltransferase complex, demonstrating that EPL1a and EPL1b act as canonical subunits of the NuA4 histone acetyltransferase complex. However, affinity purification of EPCR1 identified interactions with the histone acetyltransferases HAM1 and HAM2 but not with accessory subunits of the NuA4 histone acetyltransferase complex ( Table 2 ), suggesting that EPCR1 is not a subunit of the NuA4 histone acetyltransferase complex. Here, we demonstrate that EPCR1 and its close paralog EPCR2 interact with PWWPs, ARIDs, and TRBs, and form complexes that are required for heterochromatin silencing. Affinity purification showed that, like EPCR1, both ARID2 and TRB1 interact with the catalytic subunits HAM1/2, but not with the accessory subunits in the NuA4 histone acetyltransferase complex (Table 2) . These results indicate that the PEAT components are not subunits of the NuA4 histone acetyltransferase complex in Arabidopsis.
Heterochromatin condensation blocks the transcriptional machinery binding to DNA, a process that is required for maintenance of A Scatter plots showing the effect of the epcr1/2 and arid2/3/4 mutations on CG, CHG, and CHH methylation at the co-upregulated TEs and genes in the epcr1/2 and arid2/3/4 mutants. TE methylation and gene DNA methylation refer, respectively, to methylation of the TE body and methylation of the 1-kb-gene-promoter region. B Box plots of CG, CHG, and CHH methylation in the wild type, arid2/3/4, and epcr1/2 mutants at the co-upregulated TEs and genes in the arid2/3/4 and epcr1/2 mutants. Asterisks indicate statistical significance as determined by paired Student's t-test. CHG methylation of co-upregulated TEs is significantly increased in arid2/ 3/4 (P = 1.26 × 10
À4
) and epcr1/2 (P = 6.3 × 10 À9 ); CHH methylation of co-upregulated genes is significantly decreased in arid2/3/4 (P = 3.5 × 10
À6
) and epcr1/2 (P = 6.4 × 10
À7
). Horizontal lines represent the median, and the bottom and top of the box represent the 25 th and 75 th percentile. The whiskers represent data range within 1.5× of the interquartile range. C Overexpression of DRD1 fails to restore the silencing of EPCR1/2 target loci in the epcr1/2 mutant background. D Model for the role of the PEAT complexes in chromatin regulation. In heterochromatin regions, the PEAT complexes either directly mediate heterochromatin condensation or interact with the histone deacetylases HDA6 and HDA9 and thereby mediate heterochromatin condensation by histone deacetylation. Thus, the PEAT complexes repress transcription mediated by both Pol II and Pol IV. The repression of Pol II transcription is required for transcriptional silencing in heterochromatin regions. Moreover, the repression of Pol II and Pol IV transcription prevents overproduction of siRNAs that are responsible for DNA methylation. In euchromatin regions, we predict that the PEAT complexes may regulate histone acetylation by interaction with the histone acetyltransferases HAM1 and HAM2. However, further studies are required to elucidate how the molecular mechanisms of the regulation.
Source data are available online for this figure. transposon silencing. In Arabidopsis, DNA methylation and the repressive histone modifications H3K9me2 and H3K27me1 are enriched in heterochromatin regions, while activating histone modifications such as H3K4me3 and histone acetylation are absent or have low levels in heterochromatin regions (Cokus et al, 2008; Lister et al, 2008; Zhang et al, 2009; Zhou et al, 2010; Roudier et al, 2011) . Decondensation of heterochromatin was observed in the DNA methylation mutants met1 and ddm1, in the histone H3K9 methyltransferase mutants kyp/suvh4, and in the histone H3K7 monomethyltransferase mutant atxr5/6 (Soppe et al, 2002; Lindroth et al, 2004; Jacob et al, 2009) , suggesting that DNA methylation and the repressive histone modifications H3K9me2 and H3K27me1 are required for heterochromatin condensation. Decondensation of heterochromatin was also found in the hda6 mutant (Probst et al, 2004; Tessadori et al, 2009) , suggesting a role of HDA6 in heterochromatin condensation. Considering the significant effect of hda6 on DNA methylation in pericentromeric heterochromatin regions (Earley et al, 2010; Stroud et al, 2013) , decondensation of heterochromatin in hda6 may be at least partially caused by reduced DNA methylation. Here, we demonstrated that like HDA6, the PEAT complexes are involved in heterochromatin condensation (Fig 6D and E ; Appendix Fig S8A and B) . However, different from HDA6, the PEAT complexes are not required for the maintenance of DNA methylation in pericentromeric heterochromatin regions. The PEAT complexes may contribute to heterochromatin condensation via histone deacetylation that is catalyzed by HDA6. Further, the PEAT complexes may also influence heterochromatin condensation independently of HDA6. Additional experiments will be necessary to determine precisely how the PEAT complexes mediate heterochromatin condensation and transcriptional silencing. Our affinity purification analysis demonstrates that the PEAT components are not subunits of the NuA4 histone acetyltransferase complex, and shows that ARID-containing proteins are subunits of the PEAT complexes. In yeast and human, ARID-containing proteins are present in the SWI/SNF chromatin remodeling protein complex (Wilsker et al, 2004) , in which these proteins are responsible for binding to DNA and facilitating remodeling of nucleosomes. In Arabidopsis, there are 10 ARID-containing proteins (Zhu et al, 2008) . ARID1, which contains an ELM domain in addition to the ARID domain, was found to be required for sperm cell formation in Arabidopsis (Zheng et al, 2014) . In rice, OsARID3, an hsp20 domain-containing ARID protein was reported to be required for shoot meristem development (Xu et al, 2015) . However, the molecular mechanism of these ARID domain-containing proteins is largely unknown. Our affinity purification experiments in the present study demonstrate that the three Arabidopsis Hsp20 domain-containing ARID proteins ARID2/3/4 function redundantly in the PEAT complexes and are required for development and heterochromatin silencing. Several genes required for shoot apical meristem formation and maintenance are aberrantly expressed in the PEAT mutants as determined by our RNA-seq analysis. The aberrant expression of these genes may cause the developmental arrest of the PEAT mutants. Further studies are required to investigate how the PEAT complexes regulate the genes that are involved in shoot apical meristem formation and maintenance and thereby affect plant development.
In the PEAT complexes, we identified three previously uncharacterized PWWP domain-containing proteins (Stec et al, 2000) . In mammals, The PWWP domain binds to either DNA or methylated histones and is responsible for the chromatin-related functions of these proteins (Alvarez-Venegas & Avramova, 2012) . In Arabidopsis, the PWWP domain is present in many proteins, including the histone H3K4 methyltransferases ATX1-ATX5. Our recent study report that a subfamily of PWWP domain-containing proteins interacts with FVE and MSI5 and represses the expression of the flowering repressor gene FLC by facilitating histone H3K27 trimethylation (Zhou et al, 2018a) . Here, we identify three PWWP domaincontaining paralogs and demonstrate that these proteins act as subunits of the PEAT complexes and function in heterochromatin silencing. As examined by a recent systematic profiling of histone readers in Arabidopsis (Zhao et al, 2018) , the PWWP domains in these proteins are not shown to specifically associate with methylated histone peptides. Further studies will be required to characterize how the PWWP domain functions in the PEAT complexes to regulate heterochromatin silencing.
The telomeric DNA binding proteins TRB1 and TRB2 interact with double-stranded telomeric repeats through the N-terminal Myb domain and are involved in the formation and stability of telomeres (Schrumpfova et al, 2014) . The trb1 mutant was identified as an enhancer of a polycomb mutant lhp1 . TRB1 is a bivalent transcriptional regulator: It represses the transcription of polycomb group (PcG) target genes in the lhp1 mutant but activates the transcription of target genes that are regulated independently of PcG in wild-type plants . Although the trb1 mutation enhances the developmental defect phenotypes of the lhp1 mutant, the trb1 mutant does not show any significant developmental defects. Our study indicates that TRB1 and TRB2 function redundantly and act as subunits of the PEAT complexes. Further, the PEAT components are shown to interact with the histone deacetylases HDA6 and HDA9 and mediate histone deacetylation and heterochromatin silencing. This finding is consistent with a role for TRB1 in the repression of transcription as previously described . Considering that the trb1 mutant was identified in a screen for mutants that enhance the polycomb phenotype of the lhp1 mutant , the identification of trb1 is reminiscent of the Drosophila epl mutant that was originally identified by screening for mutants that enhance the polycomb mutant phenotype (Stankunas et al, 1998) . Moreover, considering that both TRB1/2 and the EPL-related proteins EPCR1/2 are subunits of the PEAT complexes, we predict that in addition to trb1, mutations in other subunits of the PEAT complexes may also enhance the lhp1 mutant phenotype in Arabidopsis.
A recent study reported the generation of a trb1/2/3 triple mutant and demonstrated that the mutant showed defects in early seedling development (Zhou et al, 2018b) . In our study, TRB1 and TRB2 are identified as subunits of the PEAT complexes involved in both early seedling development and heterochromatin silencing. The developmental defects of the trb1/2/3 mutant reported by Zhou et al are highly similar with the developmental defects of the pwwp1/2/3, epcr1/2, and arid2/3/4 mutants observed in our study, supporting the notion that TRBs interact with PWWPs, EPCRs, and ARIDs and form redundant multi-subunit complexes involved in early seedling development. In addition, we demonstrate that subunits of the PEAT complexes interact with the histone acetyltransferases HAM1/ 2 and the histone deacetylases HDA9 and HDA6 in vivo, suggesting that the PEAT complexes may regulate histone acetylation/ ª 2018 The Authors
The EMBO Journal e98770 | 2018 deacetylation and thereby affect development and heterochromatin silencing. Different from our study, Zhou et al (2018b) reported that TRBs interact with the histone H3K27 trimethyltransferase CLF and thereby mediate H3K27 trimethylation. In future, it is necessary to investigate whether the interactions of TRBs with the histone acetyltransferases, the histone deacetylases, and the histone H3K27 trimethyltransferase are shared by the other subunits of the PEAT complexes. Moreover, it is interesting to study the possible role of the PEAT complexes in coordinating histone acetylation/deacetylation and H3K27 trimethylation during development. The DNA glycosylase ROS1 is required for active DNA demethylation and repression of transcriptional gene silencing (Gong et al, 2002; Zhu, 2009 ). ROS1 expression is decreased in DNA methylation mutants including met1 and RdDM mutants (Mathieu et al, 2007) . DNA methylation of a TE in the ROS1 promoter was shown to be required for ROS1 expression (Lei et al, 2015; Williams et al, 2015) . IBM1 is a histone H3K9 demethylase that is responsible for protecting gene bodies from histone H3K9 dimethylation and CHG methylation (Saze et al, 2008; Miura et al, 2009 ). IBM1 has a hypermethylated intronic region, which is required for accumulation of the longer IBM1 (IBM1-L) transcript but not of the shorter IBM1 (IBM1-S) transcript (Rigal et al, 2012) . DNA methylation is an important regulatory mechanism that is required for maintenance of the transcript levels of ROS1 and IBM1-L (Rigal et al, 2012; Lei et al, 2015; Williams et al, 2015) . However, it is unknown how DNA methylation confers transcriptional activation in ROS1 and IBM1-L. Our results suggest that like components involved in DNA methylation and heterochromatin silencing, the PEAT complexes are required for maintenance of the transcript levels of ROS1 and IBM1-L even though they do not affect DNA methylation. The PEAT complexes may act at a downstream step of or in parallel to DNA methylation to regulate the transcript levels of ROS1 and IBM1-L. Previous studies suggest that the RNA-binding protein IBM2/ASI1 promotes the IBM1-L transcription by preventing the inhibitory effect of the IBM1 intronic heterochromatin (Saze et al, 2013; Wang et al, 2013) . Given the interaction between the PEAT complexes and the histone acetyltransferases HAM1/2, it is possible that the PEAT complexes promote the IBM1-L expression by facilitating histone acetylation. However, our study reveals that the suppressed expression of IBM1-L in the PEAT mutants is not accompanied by reduction of histone acetylation, suggesting that the function of the PEAT complexes in the IBM1-L expression is independent of histone acetylation. This finding supports the notion that, like the known components required for DNA methylation and heterochromatin silencing, the PEAT complexes may facilitate maintenance of the heterochromatin status in the IBM1 intron and thereby promote the expression of IBM1-L.
In conclusion, this study indicates that the PEAT complexes interact with the histone deacetylase HDA6/9 and mediate histone deacetylation and heterochromatin condensation, resulting in repression of Pol II transcription and heterochromatin silencing (Fig 8D) . Moreover, histone deacetylation and heterochromatin condensation mediated by the PEAT complexes suppress Pol IV transcription and thus prevent overproduction of Pol IV-dependent siRNAs from pericentromeric heterochromatin regions. The prevention of the overproduction of Pol IV-dependent siRNAs is required for maintenance of DNA methylation at a normal level in pericentromeric heterochromatin regions (Fig 8D) . The PEAT complexes, as well as HDA6, are also required for the production of a subset of Pol IV-dependent siRNAs. Unlike the PEAT complexes, HDA6 is required for the maintenance of DNA methylation. The role of HDA6 in DNA methylation was shown to facilitate Pol IV and Pol V recruitment to chromatin and thereby mediate the production of Pol IV-dependent siRNAs (Blevins et al, 2014) . It remains to be studied how the PEAT complexes facilitate the production of a subset of Pol IV-dependent siRNAs independently alteration of DNA methylation. Moreover, the PEAT complexes are also shown to interact with the histone acetyltransferases HAM1/2. We predict that the interaction of the PEAT complexes with HAM1/2 may occur in euchromatin regions and thereby regulate the transcription of protein-coding genes required for development (Fig 8D) . Together, this study reveals a mechanism that mediates heterochromatin silencing via histone deacetylation and heterochromatin condensation in Arabidopsis. In future, it is necessary to investigate whether and how the PEAT complexes affect the function of the histone acetyltransferases and deacetylases and how the complexes regulate development.
Materials and Methods
Plant materials and mutant screening
With the exception of hda6/axe1-5, which was described previously (Earley et al, 2010) , all of the Arabidopsis T-DNA insertion lines used in this study were obtained from the Arabidopsis Biological Resource Center (ABRC): arid2 (SALK_026835), arid3 (SALK_022359), arid4 (SALK_007400), epcr1 (SALK_039205), epcr2 (SALK_024125), pwwp1(SAIL_342_C09), pwwp2 (SALK_136093), pwwp3 (SALK_ 042581), trb1 (SALK_025147), trb2 (GK-103E02). The double or triple mutants used in this study were generated by crossing single mutants. Due to the early seedling lethality of the epcr1/2 doublemutant and arid2/3/4 triple-mutant plants, these mutants were maintained in a heterozygous state. Arabidopsis seedlings were grown on MS medium plates with a 16 h light/8 h dark photoperiod at 22°C.
Full-length ARID2, ARID3, ARID4, EPCR1, TRB1, HDA6, HDA9, HAM1, HAM2, EPL1a, and EPL1b as driven by their native promoters were introduced into the modified pCAMBIA1305 or pRI909 vectors, producing, respectively, 3xFlag-and C-terminal 5xMyc-tagged proteins. A DRD1 overexpression construct as driven by the 35S promoter was introduced into the pCAMBIA1300 vector. The TRB2 cDNA fragment (+1~+420 aa) was inserted into the pFGC5941 RNAi vector and transformed into the wild-type and trb1 (SALK_025147) mutant plants for the knockdown of TRB2 in Arabidopsis. The constructs were introduced into the Agrobacterium strain GV3101 and transformed into Arabidopsis via the flowerdipping method. All constructs were sequenced for verification, and the primers used for their construction are listed in Dataset EV7.
Affinity purification, mass spectrometric analysis, coimmunoprecipitation, and gel filtration For affinity purification, 3 g of seedling or flower tissue samples were ground in liquid nitrogen and homogenized in 15 ml of lysis buffer (50 mM Tris, pH 7.6, 150 mM NaCl, 5 mM MgCl 2 , 10% glycerol, 0.1% NP-40, 0.5 mM DTT, 1 mM PMSF, with one tablet of Roche protease inhibitor cocktail per 50 ml). Following centrifugation, the supernatant was incubated with 100 ll of anti-Flag M1 Agarose (Sigma, A4596) or anti-c-Myc Agarose (Sigma, A 7470) at 4°C for 2.5 h. The resins were washed five times with lysis buffer. The Flag bead-bound proteins were then eluted with 3xFlag peptide (Sigma, F4799), whereas the Myc bead-bound proteins were eluted with c-Myc peptide (Sigma, M2435). The eluted proteins were run on a 10% SDS-PAGE gel and then subjected to silver staining with a ProteoSilver Silver Stain Kit (Sigma, PROT-SIL1). The mass spectrometric analysis was performed as described previously (Zhang et al, 2012) . Briefly, proteins on SDS-PAGE gels were de-stained and digested in-gel with trypsin at 37°C overnight. The digested peptides were eluted on a capillary column and introduced into an LTQ mass spectrometer equipped with a nano-ESI ion source for analysis (Thermo Fisher).
For co-immunoprecipitation analysis, 1 g of tissue from parental lines, as well as 1 g from F1 plants, was ground in liquid nitrogen and homogenized in 5 ml of lysis buffer. Following centrifugation, the supernatant was incubated with 50 ll of anti-Flag M1 Agarose or anti-c-Myc Agarose at 4°C for 2.5 h. The resins were washed five times with lysis buffer, and the bead-bound proteins were eluted with 3xFlag peptide (Sigma, F4799) or c-Myc peptide (Sigma, M2435). Both eluted proteins and untreated supernatant control samples were separated on SDS-PAGE gel prior to immunoblotting.
For gel filtration, 0.4 g of seedlings was ground to a powder and suspended in 2.4 ml of lysis buffer. After centrifugation, the supernatant was passed through a 0.22-lm filter, and 500 ll of the filtrate was loaded onto a Superose 6 increase (10/300 GL) column (GE Healthcare, 29-0915-96). The eluate was collected in a series of fractions (500 ll/fraction) and run on SDS-PAGE gel for immunoblotting.
Yeast two-hybrid assay
The cDNA sequences of PWWP1, PWWP2, PWWP3, TRB1, and TRB2 were cloned in-frame with the 3 0 -terminal sequence of GAL4-AD (pGADT7 vector) and the 3 0 -terminal sequence of GAL4-BD (pGBKT7) using a One-step Cloning Kit (Vazyme Biotech, C112). The full-length cDNA sequences of EPCR1 and ARID4 were separately cloned into both the pGADT7 and pGBKT7 vectors between the NdeI and XmaI sites. The full-length cDNA sequences of ARID2 and ARID3 were separately cloned into both the pGADT7 and pGBKT7 vectors between the NcoI and BamHI sites. The primers used here are listed in Dataset EV7. The yeast strains AH109 and Y187 were transformed with the pGADT7 and pGBKT7 constructs and grown on synthetic dropout medium lacking, respectively, Leu and Trp. The positive clones from the synthetic dropout medium lacking Leu were mated for 16-20 h in YPD medium with the positive clones from the synthetic dropout medium lacking Trp. After mating, the mixture was spotted on synthetic dropout medium lacking both Leu and Trp. The positive yeast colonies were then spotted on synthetic dropout medium lacking Trp and Leu and spotted on synthetic dropout medium lacking Trp, Leu, and His. Growth of transformed, positive yeast strains on SD-LWH indicates interaction between the GAL-AD fusion protein and the GAL4-BD fusion protein.
A 5 mM solution of 3-amino-1,2,4-triazole (3-AT) was used to inhibit the background growth of transformed strains on the synthetic dropout medium lacking Trp, Leu, and His.
Protein expression and pull-down assays in bacteria
The full-length PWWP2, ARID2, TRB1, and the sequence for the EPCR1-N terminal (1-500 aa) fragment were cloned into the pGEX-6P-1 and pET28a+ plasmids to generate, respectively, fusion constructs with 5 0 -terminal GST or 6xHIS tags. The primers here are listed in Dataset EV7. The protein induction and pull-down assays were performed as described previously (Han et al, 2016) . Briefly, the constructs expressing both GST-and HIS-tagged proteins were co-transformed into the E. coli expression strain Transetta (DE3). 100 lM IPTG was used for protein induction. The bacteria in the culture were collected and suspended in 1.5 ml of protein extraction buffer (50 mM Tris-HCl [pH 8.0], 300 mM NaCl, 10% glycerol, 0.5% Tween-20, 15 mM b-mercaptoethanol, 1 mM PMSF, and 1 tablet of Roche protease inhibitor cocktail per 50 ml).
The sample was sonicated for 1 min (4 s on and 6 s off) and then centrifuged at 13,000 g for 10 min at 4°C. Of the supernatant, 200 ll was used as input, and the remainder was incubated with 50 ll GST-beads (GE, 17-0756-01) or HIS-beads (Millipore, 70666-4) for a pull-down assay. The samples were boiled for 6 min at 100°C and separated on 7.5% SDS-PAGE gels prior to immunoblotting with GST antibody (Abmart, 12G8) or HIS antibody (Abmart, 10E2).
RNA deep sequencing and data analysis
Total RNA was extracted from 1 g samples of 10-day-old Arabidopsis seedlings with TRIzol reagent (Invitrogen) and sent to BGI (Shenzhen, China) for library preparation and deep sequencing. Three independent biological replicates were performed. For data analysis, after removing adapter and filtering low-quality (q < 20) reads, clean reads were mapped to the TAIR10 Arabidopsis genome using TopHat v2.1.0 , allowing up to two mismatches. The differentially expressed genes and TEs were identified using cuffdiff (P < 0.01 and |log2(FC)|>=1) (Trapnell et al, 2010) . The distribution of differentially expressed genes and TEs throughout the five Arabidopsis chromosomes was drawn using the quantsmooth R package in Bioconductor with minor modification. The raw RNA deep sequencing data have been deposited in the Gene Expression Omnibus (GEO) database (accession number GSE116066).
Small RNA deep sequencing and data analysis
Total RNA was extracted from 1 g samples of 10-day-old Arabidopsis seedlings using the TRIzol reagent (Invitrogen) and sent to BIONOVA (Beijing, China) for library preparation and small RNA deep sequencing. For data analysis, after adapter sequences were removed and low-quality reads were filtered, 18-30 nt clean reads were mapped to the TAIR10 Arabidopsis genome using Bowtie (Langmead et al, 2009) ; only perfectly matched reads were retained for further analysis. The TAIR10 Arabidopsis genome was split into 500-bp windows, and the read counts of 24-nt reads in every window were normalized to reads per 10 million (RPTM) by the total number of clean reads that mapped to the nuclear genome. The regions whose combined expression level in wildtype and mutant plants were < 100 RPTM were removed. The 500-bp regions that showed fivefold lower expression in the nrpd1
ª 2018 The Authors The EMBO Journal e98770 | 2018 mutant than wild type were defined as Pol IV-dependent siRNA loci. The profile of Pol IV-dependent siRNAs across chromosomes was plotted using 500-kb windows. The raw small RNA deep sequencing data have been deposited in the GEO database (accession number GSE116067).
Whole-genome bisulfite sequencing and data analysis
Genomic DNA was extracted from 10-day-old Arabidopsis seedlings with a DNeasy Plant Mini Kit (QIAGEN, 69104) and sent to BGI (Shenzhen, China) for bisulfite treatment, library preparation, and deep sequencing. For data analysis, reads were mapped to the TAIR10 Arabidopsis genome using Bismark, allowing two mismatches (Krueger & Andrews, 2011) . Reads were retained only when they are uniquely mapped on the genome. Only cytosine sites that were covered by at least five reads were included for further analysis. The DNA methylation level of a cytosine site was represented by the percentage of the number of reads reporting a C relative to the total number of reads reporting a C or T. The methylation levels of genes and TEs were determined by pooling the reads. CG, CHG, and CHH methylation were each analyzed separately. The raw bisulfite sequencing data have been deposited in the GEO database (accession number GSE116064).
ChIP assays
The levels of histone H4K5Ac on chromatin were determined by ChIP-seq analysis, using a previously described protocol with minor modifications (Rowley et al, 2013) . Briefly, 2 g samples of 10-dayold seedlings were ground into powder in liquid nitrogen and homogenized in 25 ml Honda Buffer (20 mM HEPES-KOH, pH 7.4, 0.44 M sucrose, 1.25% ficoll, 2.5% Dextran T40, 10 mM MgCl 2 , 0.5% Triton X-100, 5 mM DTT, 1 mM PMSF, Roche protease inhibitor cocktail) and then cross-linked with 0.5% formaldehyde (Sigma, F8775). After sonication, the chromatin was incubated with H4K5Ac (Abcam, ab51997) antibody and Dynabeads Protein A (Invitrogen, 100-01D) overnight with rotation at 4°C. The chromatin DNA was purified using a standard phenol-chloroform method, ChIP DNA was used for library generation and sequencing. For data analysis, raw reads were cleaned by removing adapter sequences and filtering low-quality (q < 20) reads. Then, clean reads were mapped to the TAIR10 Arabidopsis genome using Bowtie (Langmead et al, 2009) . Only perfectly and uniquely matched reads were retained. The SICER program was used to identify ChIPenriched peaks and determine differentially expressed peaks between wild-type and mutant plants (Zang et al, 2009 ). The raw ChIP-seq data have been deposited in the GEO database (accession number GSE116065). For ARID2-Flag, EPCR1-Flag, and TRB1-Flag ChIP assays, 1 g of 10-day-old seedlings were cross-linked with 1% formaldehyde for 20 min under vacuum and ground into fine powder in liquid nitrogen. After sonication, chromatin was incubated with anti-Flag (Sigma, F1804) antibody and Dynabeads Protein G (Invitrogen, 10003D) overnight with rotation at 4°C. The precipitated chromatin DNA was then recovered and purified for ChIP-qPCR. The ChIP signals on indicated loci were normalized by ACT2. Sequences of the primers used for ChIP-qPCR are indicated in Dataset EV7.
RNA expression analysis
Total RNA was extracted from 10-day-old Arabidopsis seedlings with TRIzol reagent (Invitrogen). After contaminating DNA was removed by DNase I (Takara), 1 lg of total RNA was used for reverse transcription using both oligo dT and random primers. The reverse transcription products (cDNA) were used for PCR. For qPCR, at least three biological replications were performed.
Immunofluorescence assay
Protoplasts were isolated from young Arabidopsis leaves, and nuclei were fixed in 4% formaldehyde and applied to slides. Histone H3K27me1 was immunolocalized as previously described (Jacob et al, 2009) . In brief, after nuclei were blocked with 3% BSA in PBS, the primary antibody H3K27me1 (07-448; Millipore) was diluted at 1:200 and incubated overnight at 4°C. Secondary anti-rabbit Alexa Fluor 488 (Jackson ImmunoResearch, 711-545-152) was used at 1:500 dilutions and incubated for 2 h at room temperature. Chromatin was counterstained with DAPI in mounting medium. Images were acquired with a spinning-disk confocal microscope and analyzed with Volocity software.
Telomere length analysis
The telomere length was determined by Terminal Restriction Fragmentation (TRF) analysis. Briefly, genomic DNA extracted from 10-day-old seedlings was digested overnight with the restriction enzymes MseI or Hinfl. The samples of digested DNA were subjected to Southern blotting. The telomeric repeat probe 
HDAC assay
For histone deacetylation (HDAC) assay, the histone H4 was acetylated by the histone acetyltransferase HAM1 purified from E. coli. The acetylated H4 was then used for the histone deacetylation assay. The proteins that were purified from transgenic plants were incubated with acetylated H4 at 30°C for 3 h with gentle shaking and terminated by addition of 2× SDS Laemmli sample buffer followed by heating at 100°C for 5 min. The reaction products were run on 12% SDS-PAGE gels and subjected to immunoblotting with anti-H4K5ac (Abcam, ab51997) and anti-H4 (Abcam, ab10158) antibodies.
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